Iron is an essential element for mammals and, amongst many other functions, plays an important role in the human brain. 1 Recent research has indicated a strong association between iron dysregulation and Alzheimer's disease (AD), although it is unknown how the chemical and magnetic state of iron is linked to AD pathogenesis. [2] [3] [4] Reports from Collingwood et al., and Dobson et al., for example, have shown the presence of iron oxide as the mixed oxidation state mineral, magnetite (Fe 3 O 4 ) in AD tissue, a possible source of redox-active iron, but it remains unclear how this kind of iron mineral forms in the tissue. 5, 6 These unsolved and important questions have led us to consider how atomic resolution microscopy might provide new insight into nanoscale iron mineralization.
Recently we reported methodology for studies of the nanomineralisation of osmium, gold, ruthenium and iridium from their respective 1,2-dicarba-closo-dodecarborane-1,2-dithiolate complexes encapsulated in polymer micelles upon electron beam irradiation. [7] [8] [9] Here we report the synthesis and characterization of the novel 13e − iron(III) complex [Fe(4-methyl-1,2benzenedithiolate) 2 ][NHEt 3 ] (1), containing Fe-S bonds analogous to those in the ubiquitous iron-sulfur ferredoxin proteins. Importantly, recent research has indicated a strong relationship between neurodegenerative disorders and defective Fe-S clusters. 10, 11 We have characterized complex 1 using Mössbauer, Raman and far-infra red spectroscopy, and investigated the generation of iron nanocrystals from 1 encapsulated in a poly(ethylene glycol)-block-poly( propylene glycol)-blockpoly(ethylene glycol) polymer (Scheme 1) by electron beam irradiation, and used electron energy-loss spectra (EELS) to identify the oxidation state of iron and its coordination environment in the nanocrystals.
The novel 13-electron Fe(III) complex 1 was synthesized by reacting FeCl 3 (0.2 mmol) with toluene-3,4-dithiol (0.4 mmol), in the presence of 2 mol equiv. of the base trimethylamine (Et 3 N; 0.8 mmol). The complex was characterized by elemental analysis, mass spectrometry, IR, Raman and Mössbauer spectroscopy. The Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS) analysis of the complex showed a good match between the theoretical and observed isotopic fine structure for the negative ion [Fe(4-methyl-1,2-benzenedithiolate) 2 ] − , [C 14 H 12 S 4 Fe] − (Fig. 1 , S1, Table S1 , ESI †).
The Mössbauer spectrum of 1 contains a doublet with isomer shift δ varying from 0.48 mm s −1 at 77 K to 0.33 mm s −1 at ambient temperature ( Fig. 2(a) ), while the quadrupole splitting ΔE Q changes from 0.77 to 0.73 mm s −1 , respectively, suggesting that iron is in the +3 oxidation state. 12 The Raman spectrum ( Fig. 2(b) ) shows three intense bands in the 600-900 cm −1 region, at 864, 683 and 637 cm −1 and a number of bands in the region of 300-550 cm −1 . The Raman bands at 370, 330, 303 cm −1 are in good agreement with literature reports for Fe-S bonds and are associated with the Fe-S stretching motions, confirming their formation in complex 1. 13, 14 The IR spectrum in the far infrared region shows bands at 68, 97, 171, 463, 472 and 553 cm −1 (Fig. 2(c) , S2, ESI †). The bands at 68, 97, 171 cm −1 are assignable to S-Fe-S, and Fe-S-C bending motions. 14 On the basis of these spectral results it is difficult to assign an exact geometry to the complex. DFT calculations suggest that a high-spin tetrahedral configuration is likely to be more stable than a square-planar configuration (see ESI, Table S3 , Fig. S3 †) .
Micelles containing encapsulated complex 1 (FeMs) were synthesized by encapsulation of 1 in the triblock copolymer Pluronic P123 by mixing a tetrahydrofuran (THF) solution of 1 with an aqueous solution of P123 (THF-pure water (18.2 MΩ): 1/10 v/v; [1] = 5 mg mL −1 ), at ambient temperature for 4 h. The solution was then dialyzed against 18.2 MΩ pure water to remove the THF (MWCO = 1000 Da), for 54 h, and freeze-dried to give FeMs (Scheme 1). On encapsulation of the Fe(III) complex, the colour of the micelles changed from transparent to grey, indicating the presence of the 13-electron complex in the micelles. Dynamic light scattering (DLS) data ( Fig. 3(a) ) clearly indicate that the polymer P123 and 1 selfassemble in solution to give micelles with a very low-dispersity parameter (ca. 0.2). Encapsulation resulted in an increase of micellar size (hydrodynamic diameter) of P123 from 19.6 ± 1.8 nm to 315.1 ± 24.7 nm with dispersity of 0.18, consistent with reports that micellar size usually increases after encapsulation of organic molecules, and suggests that solvent molecules might also be incorporated into the micelles. 15, 16 A small (<0.02%) second population of FeMs particles was found with a hydrodynamic diameter ca. 5500 nm, and a strong intensity in DLS arising from the aggregation of some particles.
FeMs micelles were dispersible in water and as the P123 polymer can form stable Langmuir films at ambient temperature, were also deformable on surfaces. 17 Hence, we deposited aqueous droplets containing micelles ([FeMs] = 1 mg ml −1 ) onto lacey carbon-coated TEM grids to generate an unsupported film over the grid holes for examination by aberrationcorrected scanning transmission electron microscopy (STEM). With the advent of probe spherical aberration correction and sub-Å resolution, annular dark-field imaging in STEM offers direct imaging of single atoms. 18 Structural changes to the micelles were triggered by electron beam exposure with a large stationary beam for 5 min, as described in the ESI. † We acquired high-angle annular dark-field (HAADF) images in parallel to electron energy-loss spectra (EELS, Gatan Quantum GIF detector) and energy-dispersive X-ray (EDX) spectra (more experimental details provided in the ESI †). We observed the generation of many iron clusters varying in size from 100 nm-1.2 µm upon electron beam exposure ( Fig. 3(b) and (c)). As shown in Fig. 3(d) and (e), the interplanar distance of ca. (Fig. S4, ESI †) . 19 Considering all the potential mechanisms for electron beaminduced damage, 20 the most likely damage mechanism in this case is radiolysis through inelastic scattering of the electron beam. In organic solids, this scattering can cause excitation in the covalent bonds, especially the C-H bonds, resulting in structural change and mass loss (loss of H). 21 Importantly, the STEM analysis was carried out in vacuo, so under these conditions, the oxygen in the mineral is likely to arise from encapsulated solvent H 2 O, and ether or terminal hydroxyl groups of the polymer.
In order to identify better the type of the iron oxide observed, the composition of the nanoclusters was further investigated by electron energy-loss spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDX). As shown in the Fig. 4(a-d) , EDX analysis of K characteristic signals indicated the co-localisation of Fe, O and S. EDX quantification for the particles (shown with details in the ESI section, Fig. S5 , ESI †) yields oxygen values larger than expected for any stoichiometric iron oxide. This can be due to overlapping species rich in oxygen within this region. The experimental EELS spectra (Fig. 5 ) match well with the reference EELS spectrum of Fe 2 O 3 (Fig. S6 †) . Using the HyperSpy package, 22 we fitted a powerlaw background and the Fe L 3,2 and O-K edges to the experimental data. The ratio of Fe L 3 to L 2 peaks in the model was ∼1.43 which is close to that measured for the Fe 2 O 3 reference spectrum (1.96). This observation along with the STEM data suggested the formation of iron-oxide nanoclusters on a sulphur-doped amorphous carbon surface (generated in the electron beam).
In summary, we have synthesised and characterised a novel 13-electron high-spin Fe(III) complex containing four Fe-(thiolate)S bonds, similar to the iron centres in ferredoxin Fe-S proteins, including Fe(III)-rubredoxin. Encapsulation of this complex within a triblock copolymer (P123) gave micelles of hydrodynamic diameter ca. 315 nm. Electron-beam irradiation of these micelles spread across the holes in lacey carbon TEM grids, rapidly generated Fe nanoclusters of 100 nm-1.1 µm diameter on sulfur-doped amorphous carbon surfaces. EELS and EDX data suggested that the iron oxide nanocrystals are similar to γ-Fe 2 O 3 . Superparamagnetic γ-Fe 2 O 3 nanoparticles are reported to be efficient reusable catalysts for the glycolysis of polyethylene terephthalate (PET). 23 The conversion of Fe(III)S 4 centres into iron oxide mineral deposits observed here under reducing conditions is interesting in relation to the proposed involvement of such deposits in the etiology of Alzheimer's and other neurological conditions. [2] [3] [4] [5] [6] Such reactions appear to involve a complicated mixture of iron, sulfur and oxygen redox chemistry, probably driven by the high thermodynamic stability of Fe-O(H) bonds and Fe-O-Fe bridges, and lattice energies in the nanocrystalline deposits. It seems likely that the initial formation of single Fe atoms leads to formation of O/OH-bridged Fe clusters, which then aggregate into nanocrystals. If studies such as those reported here at the single iron atom level could be extended to conditions of closer relevance to biological tissues, then new insight into the transformation of iron centres in proteins into iron oxide nanocrystals might be obtained. This knowledge might lead to a better understanding of how such iron deposits arise in AD and lead to new treatments. 
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FTICR-MS analysis
Ultrahigh resolution mass spectrometry was performed on a 12 T solariX quadrupole/FTICR instrument (Bruker Daltonik GmbH, Bremen, Germany) equipped with an infinity cell.
Resolving power in the m/z range of interest was ca. 400 000, which was sufficient to partially resolve isotopic fine structure. Complex 1 was dissolved in MeOH, and ions were introduced using nano-ESI in negative ion mode. Data analysis was performed using Bruker Compass Data Analysis 4.1, and external calibration with Agilent Tuning Mix (Part # G1969-85000).
Mössbauer, Raman and IR spectroscopy
Raman spectra were recorded on a Senterra Raman Microscope with a laser wavelength of 785 nm, and IR spectra on a Vertex 70 spectrometer, using polyethylene pellets. 57 Fe Mössbauer spectra were obtained in transmission geometry using a constant acceleration spectrometer operated in conjunction with a 512-channel analyzer in the time-scale mode (WissEl GmbH). The source contained 57 Co diffused in Rh with an activity of 1.4 GBq. The spectrometer was calibrated against α-iron at ambient temperature. A continuous flow cryostat (OptistatDN, Oxford Instruments) was utilized for variable temperature measurements. For further analysis, spectral data were transferred from the multi-channel analyzer to a PC employing the public domain program Vinda running on an Excel 2003® platform. 24 The spectra were analyzed by leastsquares fits using Lorentzian line shapes. In addition to the Mössbauer parameters isomer shift δ and quadrupole splitting ΔE Q , the line width at half maximum Γ was determined.
Dynamic light scattering (DLS)
The hydrodynamic diameter (D h ) of FeMs was obtained by DLS. An aqueous solution of FeMs (1 mg ml −1 ) was studied on a Malvern Zetasizer NanoS instrument with a 4 mW He-Ne 633 nm laser module at 298 K. Measurements were made at 173°detector angle. Data were analyzed by Malvern DTS 6.20 software. D h was calculated by fitting the apparent diffusion coefficient in the equation D h = kT/(3πηD app ), where k = the Boltzmann constant, T = temperature, and η = viscosity of the water.
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